The island of Madagascar has a unique biodiversity, mainly located in the trop-2 ical forests of the island. This biodiversity is highly threatened by anthropogenic 3 deforestation. Existing historical forest maps at national level are scattered and have 4 substantial gaps which prevent an exhaustive assessment of long-term deforestation 5 trends in Madagascar. In this study, we combined historical national forest cover 6 maps (covering the period 1953-2000) with a recent global annual tree cover loss 7 dataset (2001-2014) to look at six decades of deforestation and forest fragmentation 8 in Madagascar (from 1953 to 2014). We produced new forest cover maps at 30 m 9 resolution for the year 1990 and annually from 2000 to 2014 over the full territory 10 of Madagascar. We estimated that Madagascar has lost 44% of its natural forest 11 cover over the period 1953-2014 (including 37% over the period 1973-2014). Natural 12 forests cover 8.9 Mha in 2014 (15% of the national territory) and include 4.4 Mha 13 (50%) of moist forests, 2.6 Mha (29%) of dry forests, 1.7 Mha of spiny forests (19%) 14 and 177,000 ha (2%) of mangroves. Since 2005, the annual deforestation rate has 15 progressively increased in Madagascar to reach 99,000 ha/yr during 2010-2014 (cor-16 responding to a rate of 1.1%/yr). Around half of the forest (46%) is now located 17 at less than 100 m from the forest edge. Our approach could be replicated to other 18 developing countries with tropical forest. Accurate forest cover change maps can 19 be used to assess the effectiveness of past and current conservation programs and 20 implement new strategies for the future. In particular, forest maps and estimates 21 can be used in the REDD+ framework which aims at "Reducing Emissions from 22 Deforestation and forest Degradation" and for optimizing the current protected area 23 network.
Introduction 27
Separated from the African continent and the Indian plate about 165 and 88 million years 28 ago respectively (Ali & Aitchison, 2008) , the flora and fauna of Madagascar followed its 29 own evolutionary path. Isolation combined with a high number of micro-habitats (Pearson 1990 . Indeed, there is little evidence of natural forest regeneration in Madagascar (Grouzis 140 et al., 2001; Harper et al., 2007) , especially over such a short period of time. The remaining 141 unclassified pixels were limited to a relatively small total area of about 8,000 ha. We labeled 142 these residual pixels as non-forest, as for the year 2000. year 1973 corresponded to a significant total area of 3.3 millions ha which was left as is. From these new forest cover maps, we calculated the total forest cover area for seven 170 available years (1953-1973-1990-2000-2005-2010-2014) , and the annual deforested area and 171 annual deforestation rate for the corresponding six time periods between 1953 and 2014.
172
The annual deforestation rates were calculated using Eq. 1 (Puyravaud, 2003; Vieilledent 173 et al., 2013) :
In Eq. 1, θ is the annual deforestation rate (in %/yr), F t 2 and F t 1 are the forest cover 175 free of clouds at both dates t 2 and t 1 , and t 2 − t 1 is the time-interval (in years) between 176 the two dates.
177
Because of the large unclassified area (3.3 millions ha) in 1973, the annual deforestation 178 areas and rates for the two periods 1953-1973 and 1973-1990 We compared our estimates of forest cover and deforestation rates with estimates from We also conducted an analysis of changes in forest fragmentation for the years 1953, 1973, 218 1990, 2000, 2005, 2010 and 2014 at 30 m resolution. We used a moving window of 51 × 219 51 pixels (corresponding to an area of about 2.34 km 2 ) centered on each forest pixel to 220 compute the percentage of forest pixels in the neighborhood. We used this percentage as an 221 indication of the forest fragmentation (Riitters & Wickham, 2012; Vogt & Riitters, 2017) .
222
The size of the moving windows was based on a compromise: a sufficiently high number of 223 cells (here 2601) had to be considered to be able to compute a percentage and a reasonably 224 low number of cells had to be chosen to have a local estimate of the fragmentation. Water 225 bodies were not masked when computing the percentage of forest pixels, meaning that 226 forest located near a water body was considered as fragmented. Computations were done 227 using the function r.neighbors of the GRASS GIS software (Neteler & Mitasova, 2008) .
228
Using the density of forest in the neighborhood, we defined five forest fragmentation classes: 229 0-20% (highly fragmented), 21-40%, 41-60%, 61-80% and 81-100% (lowly fragmented). We 230 reported the percentage of forest falling in each fragmentation class for the six years and 231 analyzed the dynamics of fragmentation over the six decades.
232
We also computed the distance to forest edge for all forest pixels for the years 1953, 
288
The mean distance to forest edge has decreased to about 300 m in 2014 while it was of 289 about 1.5 km in 1973 (Fig. 3) . Moreover, a large proportion (73%) of the forest was 290 at a distance lower than 100 m from forest edge in 2014 (Fig. 3) . Moreover, this approach could be repeated in the future with the release of updated tree 320 cover loss data. We have made the R/GRASS code used for this study freely available in a areas or repeat the analysis in the future for Madagascar.
323
The accuracy of the derived forest cover change maps depends directly on the ac- Olofsson et al., 2014 Olofsson et al., , 2013 . Despite this limitation, we have shown that the deforestation trend we observed for Madagascar, with a doubling deforestation on the period 2010-2014 compared to [2000] [2001] [2002] [2003] [2004] [2005] , was consistent with the other studies at the national scale (MEFT Table 1 : Change in natural forest cover and deforestation rates from 1953 to 2014 in Madagascar. Areas are provided in thousands of hectares (Kha). Forest map for the year 1973 has 3.3 Mha of unclassified areas due to the presence of clouds on satellite images. As a consequence, partial deforestation rates for the periods 1953-1973 and 1973-1990 are computed based on the available forest extent. The last two columns indicate the annual deforested areas and annual deforestation rates on the previous time-period (e.g. 1953-1973 for year 1973, 1973-1990 for year 1990, etc.) .
Year Forest ( Table 2 : Comparing Madagascar forest cover estimates with previous studies on the period 1953-2014. We compared our estimates of forest cover with the estimates from three previous studies (Harper et al., 2007; MEFT et al., 2009; ONE et al., 2015) . Areas are provided in thousands of hectares (Kha). We obtained a Pearson's correlation coefficient of 0.99 between our forest cover estimates and forest cover estimates from previous studies. (Harper et al., 2007; MEFT et al., 2009; ONE et al., 2015) have been reported. The way annual deforestation rates in %/yr have been computed in these previous studies can slightly differ from one study to another, but estimates always correct for the potential presences of clouds on satellite images and unclassified areas on forest maps. Annual deforested areas in Kha/yr have been recomputed from forest cover estimates in Tab. 2 (except for Harper et al. (2007) for the periods 1973-1990 and 1990-2000 for which annual deforested areas in Kha/yr were derived from numbers reported in the original publication, see methods) and do not correct for the potential presence of clouds. 1953-1973 1973-1990 1990-2000 2000-2005 2005-2010 
Forest type Source
2) this study -3 (-1.7) 1 (0.6) 0 (0.2) 0 (0.0) 0 (0.0) 0 (0.0) Figure A1 : Selection of the tree cover threshold to define the land type for unclassified areas in 2000. We considered the forest in 2000 (Harper et al., 2007) in the moist ecoregion (see Fig. 1 ). We plotted the percentage of forest having a tree cover greater or equal to a given value specified by the x-axis. From this figure, we see that 90% of the moist forest in 2000 has a tree cover ≥ 75.
